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Experimental results of studying the effect of a weak magnetic field 
(~300 Gs) on the intensity of the terahertz emission (A RilOO (im) 
of hot electrons in n-Ge (crystallographic orientation (1,0,0)) at 
helium temperatures (T ~5 K) are presented and discussed. It 
is shown that the strong influence of this field (decrease of the 
emission intensity by 500-^1000%) is related to a decrease of the 
carrier concentration at weak electric fields and the appearance of 
the magnetoresistance at stronger fields. The longitudinal mag- 
netoresistance becomes significant due to the anisotropy of the 
energy dispersion law of electrons and a strong deformation of the 
electron velocity distribution function by the electric field (which 
is beyond the framework of the diffusion approximation). 



1. Introduction 



olation of the even part of the electron velocity distri- 
bution function under the action of an electric field. In 
other words, this effect can be explained going beyond 
the bounds of the traditional so-called diffusion approx- 
imation. As is known (see, e.g., [6]), this approximation 
is based upon the smallness of the ratio of the drift ve- 
locity of an electron to its mean thermal velocity. At 
low temperatures and strong electric fields, the diffusion 
approximation appeared invalid. Another surprise was 
aroused by an extremely high sensitivity of the hot elec- 
tron emission intensity to weak magnetic fields (H ~ 300 
Gs) at low temperatures (T ~ 5 K). The emission inten- 
sity can fall by an order of magnitude due to the appli- 
cation of the magnetic field. This work is devoted to the 
study and explanation of this phenomenon. 



Recently, the peculiarities of mechanisms of generation 
and absorption of terahertz light attract still more at- 
tention of investigators [1]. In [2-4], we studied the an- 
gle dependences of the terahertz emission of hot elec- 
trons in n-Ge. This semiconductor has a cubic symme- 
try, but, in the case where the electric field is directed 
non-symmetrically with respect to valleys (minima in 
the conduction band), electrons in different valleys can 
have different temperatures. This results in the sym- 
metry violation and, consequently, the appearance of 
the polarization dependence of the hot electron emis- 
sion. We studied the relation between the polarization 
dependences and anisotropic scattering mechanisms [4, 
5] characteristic of many-valley semiconductors. It was 
a surprise to discover that, under certain conditions (low 
temperatures, strong electric fields), the polarization de- 
pendences of the hot electron emission appear in the case 
where the electric field is oriented along the (1,0,0) di- 
rection, i.e. symmetrically with respect to valleys. It 
was established that, in this case, the appearance of the 
polarization dependences is related to the symmetry vi- 



2. Experimental Part 

All measurements were performed on the set-up de- 
scribed in [4] supplemented with an attachment allowing 
one to subject an emitting sample to the action of the 
magnetic field of the required direction and magnitude 
- from zero to the maximum value. This field was cre- 
ated with the use of a permanent magnet with the cor- 
responding devices used to regulate the field intensity. 
The arrangement of the units is schematically shown in 
Fig. 1. 

The n-Ge samples were cut off in the crystallographic 
directions (1,1,1) or (1,0,0), had a standard size of 
7x1x1 mm 3 , and were treated using the standard tech- 
nique [4]. The electric field was created by pulses with 
a duration of 0.8 fis and a repetition rate of 6 Hz. After 
that, the signal of a semiconductor detector was am- 
plified, integrated, and converted to the direct-current 
voltage proportional to the intensity of the hot electron 
emission of the sample in the region A «100 /mi. The 
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Fig. 1. Diagram of the experiment. 1 - n-Ge sample; 2 - fil- 
ter limiting high frequencies; 3 - rotating polarizer; 4 ~ Ge(Ga) 
receiver 

ohmicity of the contacts to n-Ge was provided using St 
alloy with a 5-% fraction of Sb. 

3. Experimental Results and Their Discussion 

Figure 2,a-c presents the experimental results of study- 
ing the effect of a weak magnetic field on the intensity 
of the hot electron emission in n-Ge. One can see that, 
at small electric fields, the magnetic field reduces the 
emission amplitude by almost an order of magnitude. 
With increase in the electric field, the effect of the mag- 
netic field on the emission intensity becomes consider- 
ably weaker. Such changes in the emission intensity 
under the action of the weak magnetic field cannot be 
explained by its influence on the dispersion law or scat- 
tering mechanisms. Simple estimates demonstrate that, 
during the mean free time between collisions of a carrier 
with scattering centers, its trajectory changes insignifi- 
cantly. In this connection, it was necessary to search for 
other reasons of such a strong effect of the weak magnetic 
field on the terahertz emission intensity. 

For this purpose, we studied the electrophysical char- 
acteristics of the n-Ge samples investigating their emis- 
sion at helium temperatures. We took volt-ampere char- 
acteristics and carried out Hall measurements in order 
to determine the carrier concentration starting from low 
voltages, at which not all donors are ionized [7]. The 
measuring results are given in Fig. 3 and Table. As fol- 
lows from the behavior of the volt-ampere characteristic 
of the sample in the absence and in the presence of the 
magnetic field (we recall that the magnetic field is weak, 
close to 300 Gs), the resistance of the sample in such a 
field grows almost by an order of magnitude at an elec- 
tric field of ^5 V. With increase in the electric field, the 
resistance of the sample grows much more slowly: only 
by tens of percent. One can trace a direct connection 
between the increase of the sample resistance and the 
fall of the emission intensity. 

Thus, the first part of our task aimed at clarifying 
the reasons of a decrease of the terahertz emission in- 
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Fig. 2. Receiver signal: 1 - without magnetic field 2 - with weak 
magnetic field; heating electric fields: 15 V/cm (a), 25 V/cm (6), 
200 V/cm (c) 
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Fig. 3. Volt-ampere characteristic of the sample: 1 - without 
magnetic field 2 — with weak magnetic field (~300 Gs) 

tensity under the action of the weak magnetic field is 
solved, though far from exhaustively. Now, we need to 
explain the large growth of the sample resistance under 
the action of such a weak magnetic field at helium tem- 
peratures. It turned out that similar phenomena have 
been already studied and were explained by the hopping 
conduction in the impurity band. According to the ex- 
isting conceptions (see, e.g., [8]), the main contribution 
into the conduction at low temperatures (at which the 
majority of electrons are localized at impurities) is made 
by the hopping mechanism. The effect of the weak mag- 
netic field on this mechanism is explained by its influence 
on the "tails" of the wave function of electrons localized 
at donors. The overlapping of these "tails" determines 
the probability of hops of electrons to vacancies. 

It is worth noting that the thermal introduction of 
carriers into the conduction band is ineffective at low 
temperatures, that is why the hopping conduction over 
vacancies is provided by the compensation effect. This 
compensation is present in practically any material. As- 
suming that the impurity breakdown starts according to 
the Zener mechanism, it is easy to understand the effect 
of the magnetic field on the free carrier concentration in 
the conduction band on the stage where all donors are 
non-ionized. In turn, this explains the influence of the 
weak magnetic field on the hot electron emission at low 
temperatures. 

In addition, the "attachment" of the carriers already 
introduced into the conduction band to neutral donors, 



the inverse process, and the dependence of both pro- 
cesses on the magnetic field are possible. 

All the above-said concerns a decrease of the emission 
under the action of a magnetic field at low electric fields 
10-=-15 V/cm (Fig. 2, a). 

At strong electric fields, this decrease is much smaller 
(Fig. 2,c) and amounts to ~10% of the initial value. 
Such a behavior of the observed phenomenon can be 
explained by a deformation of the velocity distribution 
function in the case where the electric field is oriented 
along the (1,0,0) direction and develops into the heat- 
ing one. In this case, the diffusion approximation can 
explain fine characteristics of the discussed phenomena 
not always, and one should use a more accurate distri- 
bution function. 

At strong electric fields (at which the concentration 
of carriers in the conduction band does not change any- 
more), the effect of a magnetic field on the hot electron 
emission is related to the appearance of the longitudi- 
nal magnetoresistance. The latter is connected with a 
decrease in the electron heating and therefore a fall of 
the emission. The mechanism of the formation of the 
longitudinal magnetoresistance in many- valley semicon- 
ductors is considered in the following section. 

4. Longitudinal Magnetoresistance 

For today, the general theory of galvanomagnetic phe- 
nomena in many-valley semiconductors with regard for 
the anisotropy of the dispersion law of carriers and mech- 
anisms of their scattering is well developed and solidly 
substantiated (see, e.g., [9]). However, the general for- 
mulas of this theory are rather cumbersome. The sit- 
uation becomes still more complicated when trying to 
allow for the possibility of the electron heating by the 
electric field. 

The purpose of this work is narrower - to explain 
the reasons for the appearance of the longitudinal mag- 
netoresistance and estimate its magnitude in the case 
where arbitrary electric and weak magnetic fields are 
oriented along the direction symmetric with respect to 
valleys ((1, 0, 0) in n-Ge). That is why we can employ a 
rougher but simpler model. The essence of this approxi- 
mation is to characterize the hot electrons by a velocity- 
shifted Maxwellian distribution function [10] or (in the 
case of degeneracy) by the Fermi [11] function with the 
effective electron temperature. In many-valley semicon- 
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ductors, such a function is to be introduced for electrons 
of each valley. In the general case where there exists the 
possibility of a degeneracy of the electron gas in the a-th 
ellipsoid, we can write [11] 
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1 + exp 
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where v is the electron velocity, e(v) and p are its energy 
and momentum, respectively, denotes the effective 
electron temperature, /i*"-* is the chemical potential, and 
u( Q ) is the drift velocity. The quantities T^ a \ and 
U ( Q ) must be determined from the equations for the con- 
centration, energy, and momentum balance, respectively. 
In what follows, we will consider the case where the elec- 
tric field E and the magnetic field H are oriented along 
the direction symmetric with respect to valleys ((1,0, 0) 
for n-Ge), so the parameters yfc*' and will be the 
same for all valleys. As concerns the drift velocity in 
the given symmetric case, it will have the same absolute 
value but different directions for different valleys. That 
is why we do not present explicitly the balance equations 
for the electron concentrations in valleys and their en- 
ergies and restrict ourselves to the momentum balance 
equation. In the principal axes of the a-th mass ellip- 
soid, in which the energy dispersion law has the standard 
form 



e(v) = 



2m± 2m II 
the momentum balance equation is 



(2) 



(3) 



(4) 



where e is the electron charge, c is the light velocity, 
while T|| and t± are the longitudinal and transverse re- 
laxation times, respectively. 

Due to the weakness of the magnetic field, we can solve 
Eqs. © and Q using perturbation theory with respect 
to the parameter H. In the zero-order approximation 
(i.e. at H = Q), Eqs. © and ® yield 
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where i Q is the unit vector that specifies the orientation 
of the a-th ellipsoid (valley). From Eq.([7]) (or Eqs.(5)- 
(6)), one can see that the direction of the drift velocity 
u(") does not coincide with that of the electric field, un- 
less this field is directed along the principal axis of the 
mass ellipsoid. As a result, the term [uW x H] will 
be non-zero in spite of the fact that H || E. This is the 
reason for the appearance of the longitudinal magnetore- 
sistance in n-Ge. 

Then, one can develop the perturbation theory with 
respect to H, i.e. substitute the approximate value 
Ug^in the term [u^ Q ^ x H] neglected when obtaining 
Eq.([7]), which yields and so on. As a result, we 
obtain the series with respect to H for the drift velocity 
of electrons of the a-th valley (see Appendix) : 
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The term linear in H in the drift velocity ([8]) (u^ ) de- 
termines the Hall current. Due to the symmetry of the 
problem, the total Hall current in all valleys is equal 
to zero. The component u^""* determines the magne- 
toresistance. Its (1, 0, 0) -projection and the sum over 
all valleys determines the addition AJ2 to the current 
Jo = J(H = 0). As is shown in Appendix, 



AJ 2 = 
Jo 

where 
Jo = ^ 



(e 2 T±/m± c 2 )(T||/m|| - T±/m±) 2 ■ H 2 
3(r||/m|| + 2tj_/tti±) 



3. 

in 1 1 



(9) 



(10) 



and n is the total electron concentration (in all valleys). 
For rt-Ge, 

toj_<;to||, rx~T||. (11) 
In this case, formula Q acquires the simplified form 
AJ 2 



Jq villi i 



1 e T ± rr2 
a T^? U ■ 

b ml c 



(12) 



Assuming for the estimate that mj_ ~ 0.7 x 10 28 g, 
ti w 10" 11 s, and H w 300 Oe, we obtain from Eq.(l2]) 
that AJ 2 Jo ~ —1/12, which is in good agreement with 
the experiment. 
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5. Conclusions 

The performed studies allow us to make the following 
conclusions. At low temperatures and weak electric 
fields, at which the majority of electrons is localized at 
donor levels, the effect of a weak magnetic field on the 
volt-ampere characteristics and the emission is explained 
as follows. Both the hopping conduction and the Zener 
breakdown mechanism are sensitive to the influence of 
a magnetic field on the "tails" of the wave function of 
an electron localized at a donor. This explains the fast 
decrease of the current and the emission due to the ap- 
plication of a weak magnetic field. In strong electric 
fields, all donors are ionized and the electron concentra- 
tion in the conduction band is constant. The effect of 
the magnetic field on the volt-ampere characteristics and 
the emission in strong electric fields is much weaker. In 
this case, such a weak influence is explained by the lon- 
gitudinal magnetoresistance. The mechanism of the lon- 
gitudinal magnetoresistance is related to the anisotropy 
of the dispersion law of electrons in n-Ge. 

In conclusion, the authors express their gratitude to 
O.G. Sarbey and S.M. Ryabchenko for the discussion of 
a number of questions. 

APPENDIX 

With the use of Eq.10, we obtain: 

[u ( a) x H] = e(r||/m|| - r ± /m ± )(i a E) [i a x H] . (Al) 

Assuming that the vector [i a X H] is directed along the x axis and 
substituting Eq. (Al) into l3t . one can put down 

„2„ 



i"' = ~ZTZ e ( T l|/ m ll ~ T i/ m i)(i» E ) I 5 " x H] . 



After that, Eq. (A2) yields 



(A2) 
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m±c 



-(Tii/mii - T±/mx)(iaE) [(i a x H) x H] 
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-(t,| /mi|)(iaE){(i H)H- i Q H 2 }. 



(A3) 



As one can see, the vector [uj Q ^ X H] lies in the plane specified 
by the vectors H and i a . If we take the direction [i a X H] in this 
plane as the x axis and the direction i a as the z axis (the normal to 
these vectors will be the y axis), then the components [uj"' X H] H 
and [u[ a) x H] z will be non-zero. Their substitution into Eqs. (J3j 
and Ht , respectively, yields 
3 2 

"2^ = £2^2( T ll/ m H -Ti/mx)(i a E)(i Q H){H-i Q (i Q H)}, (A4) 



r (T,|/m,|-T ± /m ± )(i Q E){If 2 -(i Q H) 2 }i Q . (A5) 



(a) e > 
U 2z = 

Expressions (A4) and (A5) are put down in the vector form so 
that to be easy-to-use in the laboratory system of coordinates and 



(a) (a) 

to sum up over all valleys. Thus, and Uj z are related to the 

given ellipsoid a only through the unit vector i Q . 

As we are interested in the longitudinal magnetoresistance, it 
is necessary to find the addition to the current Jo quadratic in 
the magnetic field (in the direction E || Hqo;qo = (1)0,0)). This 
addition is evidently equal to 



AJ 2 = -— ]Tqo{ u! 



-'!/ 



}• 



(A6) 



(a) 



Here, is the electron concentration in one valley. 

Substituting expressions (A4) and (A5) into (A6) and taking 
into account that the unit vectors i a (a = 1,2,3,4) in n-Ge have 
the form 



11 = ^(1,1,1), 



i 3 = ^(l,-M), 

we obtain 



AJ 2 



1 



(-1,1,1), 



V3 



(-1,-1,1), 



9m± c 2 



m± 



HE. 



(A7) 



For isotropic scattering mechanisms and dispersion law, AJ2 = 0. 
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BI1JIHB CJIABKOrO MArHITHOrO 
nOJ15I (~300 rc) HA IHTEHCHBHICTb 
TEPArEPLJOBOrO BHI1POMIHKDBAHH5I PAP5IHHX 
EJIEKTPOHIB B ra-Ge nPH rEJIIGBHX TEMnEPATYPAX 

B.M. Boudap, U. M. Tomhi/k, r.A. IIIeneAbCbKuu 
P e 3 K3 m e 

y po6oTi HaBefleHO eKcnepiiMeHTajibiri pe3yjibTaTH Ta i'x o6ro- 
Bop6HH5i y BiiB^ieHHi BnjiHBy cjia6Koro MarHiTHoro nojiH (~300 
Tc) Ha iHTeHCHBHicTb TeparepupBoro BHnpoMimoBaHHH (A RilOO 



mkm) rapHHHx ejieKTpoHiB 3 n-Ge (KpiiCTajiorpacpiiHiift Hanpa- 
mok ((1,0,0)) npn rejrieBirx TeMnepaTypax T ~5 K). IIoKa3a- 

HO, IHO CHJIbHHH BIIJIHB TaKOTO nOJIH (3MGHIII6HH5I iHTGHCHBHO- 
CTi) BHnpOMlHIOBaHHH (500-1000 %) nOB'H3aHHH 31 3MGHIII6HH5IM 

KOHi;eHTpaii;ii hociib npn cjia6Kirx gjigktpiimhhx nojiax Ta no- 
aBOio MarHiTOonopy npn CHJibHiiniix nojiax. IIo3flOB>KHiH MarmTO- 
onip CTae cyTTGBHM 3aBflaKii aHi30Tponi'i 3aKOHy .znicnepcii' GHcprii' 
ejieKTpoHiB i CHjibmft fle<popMau,ii gjigktpiimhhm iiojigm (pyHKixii 

p03nOfllJiy GJIGKTpOHlB 3a IHBIlflKOCTHMH (BHxifl 3a MGJKi flH<py3ift- 

hoto Ha6jiHjKeHHa) . 
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